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ABSTRACT
About 10% of stars more massive than ≈ 1.5 M have strong, large-scale surface mag-
netic fields and are being discussed as progenitors of highly-magnetic white dwarfs
and magnetars. The origin of these fields remains uncertain. Recent 3D magnetohy-
drodynamical simulations have shown that strong magnetic fields can be generated
in the merger of two massive stars. Here, we follow the long-term evolution of such a
3D merger product in a 1D stellar evolution code. During a thermal relaxation phase
after the coalescence, the merger product reaches critical surface rotation, sheds mass
and then spins down primarily because of internal mass readjustments. The spin of
the merger product after thermal relaxation is mainly set by the co-evolution of the
star-torus structure left after coalescence. This evolution is still uncertain, so we also
consider magnetic braking and other angular-momentum-gain and -loss mechanisms
that may influence the final spin of the merged star. Because of core compression and
mixing of carbon and nitrogen in the merger, enhanced nuclear burning drives a tran-
sient convective core that greatly contributes to the rejuvenation of the star. Once the
merger product relaxed back to the main sequence, it continues its evolution similar to
that of a genuine single star of comparable mass. It is a slow rotator that matches the
magnetic blue straggler τ Sco. Our results show that merging is a promising mecha-
nism to explain some magnetic massive stars and it may also be key to understand the
origin of the strong magnetic fields of highly-magnetic white dwarfs and magnetars.
Key words: binaries: general – blue stragglers – stars: evolution – stars: individual:
τ Sco– stars: magnetic field – stars: massive
1 INTRODUCTION
Since the discovery of a strong, large-scale surface magnetic
field in the A-type star 78 Vir by Babcock (1947), large sur-
veys have revealed that about 10% of all intermediate-mass
and high-mass stars (& 1.5 M; referred to as “massive” stars
hereafter) have such strong magnetic fields (see e.g. Donati
& Landstreet 2009; Fossati et al. 2015; Grunhut et al. 2017).
It has been suggested that these fields are inherited from a
magnetised molecular cloud or are generated in-situ by a dy-
namo (e.g. Mestel 1999, 2001; Moss 2001). Also, mergers of
stars have been put forward as a mechanism to form strong
magnetic fields (e.g. Ferrario & Wickramasinghe 2005; Wick-
? E-mail: fabian.schneider@uni-heidelberg.de
ramasinghe & Ferrario 2005; Ferrario et al. 2009; Langer
2012, 2014; Wickramasinghe et al. 2014). By means of 3D
magnetohydrodynamical (MHD) simulations of the merger
of two massive main-sequence (MS) stars, Schneider et al.
(2019) could show that this indeed appears to be a viable
channel.
The merger hypothesis can naturally explain why only
a rather small fraction of massive stars have strong surface
magnetic fields and also why there is a dearth of magnetic
stars in close binaries (Carrier et al. 2002; Alecian et al.
2015). Stars can merge during their pre-MS and MS phases.
In the latter case, the magnetic merger product rejuvenates
and may stand out as a blue straggler in a star cluster or
association. Schneider et al. (2016) identified two such can-
didates, the magnetic B-type star HR 2949, which appears
anomalously young compared to its visual binary companion
© 2020 The Authors
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HR 2948, and the former B0 spectral standard star τ Sco, a
blue straggler in the ≈ 11 Myr old Upper Scorpius association
(Pecaut et al. 2012). The age discrepancies found in these
two stars are consistent with being due to rejuvenation in a
merger (Schneider et al. 2016).
Motivated by this, Schneider et al. (2019) (see also
Ohlmann et al. 2020) carried out 3D MHD merger simu-
lations of MS stars of 9 M and 8 M to obtain a merger
product that closely resembles τ Sco, in particular with re-
spect to its apparently young age. To this end, the merger
was initiated at an age of 9 Myr. This means that the merg-
ing stars were relatively unevolved and had finished only
31% and 25% of their MS evolution, respectively. The simu-
lations were carried out with the moving-mesh code Arepo
(Springel 2010; Pakmor et al. 2011; Pakmor & Springel 2013)
and showed the rapid amplification of a magnetic field to
maximum field strengths of 107–108 G, rendering merging
a promising model to explain the enigmatic magnetic mas-
sive stars. In the amplification of the magnetic field, the
magneto-rotationally instability (MRI; Balbus & Hawley
1991; Hawley & Balbus 1991) seemed to play a key role.
Magnetic stars have been suggested as progenitors of
highly magnetic white dwarfs and magnetars (e.g. Ferrario
& Wickramasinghe 2005; Wickramasinghe & Ferrario 2005;
Tout et al. 2004; Wickramasinghe et al. 2014). Indeed, the
magnetic flux in the core of the merger remnant produced in
the simulations of Schneider et al. (2019) is sufficiently high
to explain the strong magnetic fields of 1013–1015 G inferred
to exist on the surfaces of magnetars (Ibrahim et al. 2002;
Olausen & Kaspi 2014).
In this work, we start out from the results of the 3D
merger simulation of Schneider et al. (2019) and Ohlmann
et al. (2020) and model the long-term evolution of the
strongly magnetised merger remnant with the 1D stellar
evolution code Mesa (Paxton et al. 2011, 2013, 2015, 2018,
2019). In Sect. 2, we describe the physical setup of our 1D
merger models and then, in Sect. 3, we describe their evolu-
tion through a thermal relaxation phase up to core helium
exhaustion. Key aspects of the evolution are discussed in
Sect. 4 and we conclude in Sect. 5. Some features of the de-
fault merger model presented here have been described in
Schneider et al. (2019).
2 METHODS
Modelling the long-term evolution of a magnetised merger
remnant from 3D simulations in a 1D stellar evolution code
requires a few approximations and extensions to the usual
physics captured by 1D models. This mainly relates to the
amplified magnetic field and its influence on the evolution of
the star, here especially the stellar spin. A brief description
of the main Mesa setup is given in Sect. 2.1 while the exten-
sions are described in Sects. 2.2–2.5. Because it is not pos-
sible to self-consistently include and evolve a 3D magnetic
field in a 1D stellar evolution code, we consider that there ex-
ists a large-scale, dipolar magnetic field (Sect. 2.2) that con-
tributes to the transport of angular momentum in the stellar
interior (Sect. 2.3) and to enhanced angular-momentum loss
from the star through the coupling of the magnetic field to
the stellar wind (magnetic braking; Sect. 2.4). Except for
these two aspects, the magnetic field does not influence the
evolution of the merger product in our models. There are sit-
uations where the merger product may accrete from a disk
(Sect. 2.5) and the transition from the 3D to 1D models
needs careful consideration (Sect. 2.6).
2.1 Main Mesa model setup
We use Mesa version 9793. The models assume the so-
lar composition of Asplund et al. (2009) with a metallic-
ity Z = 0.0142 and initial helium mass fraction Y = 0.2703
with corresponding Mesa opacity tables as outlined in the
Mesa instrument papers (low temperature opacities are
from Ferguson et al. 2005). Convection is treated within
mixing-length theory (Henyey et al. 1965) and we use the
Ledoux criterion for convective boundaries, a mixing-length
parameter of αMLT = 1.8 and a semi-convection efficiency
of αsm = 1.0 (we do not use Mesa’s MLT++ scheme). Ex-
ponential convective core-overshooting (e.g. Herwig 2000) is
employed with an overshooting parameter of fover = 0.0194,
which results in a MS width that is reminiscent of the em-
pirical MS width of Galactic ≈ 10 M stars found by (Castro
et al. 2014). Shellular rotation is assumed (e.g. Kippenhahn
et al. 1970; Endal & Sofia 1976; Meynet & Maeder 1997;
Heger et al. 2000) and rotational mixing is included via the
Solberg–Høiland instability, the Goldreich–Schubert–Fricke
instability, Eddington–Sweet circulation, the secular-shear
instability, and the dynamical shear instability as detailed
in Heger et al. (2000). The rotational-mixing efficiency is
set to fmix = 0.0333 and the inhibiting chemical gradient is
scaled with a factor of fµ = 0.1. The Spruit–Taylor dynamo
(Spruit 2002) is not included. Mesa’s ’Dutch’ wind mass-
loss prescription (scaling factor of 1) is used, i.e. Vink et al.
(2000, 2001) for hot stars, de Jager et al. (1988) for cool stars
and Nugis & Lamers (2000) for Wolf–Rayet stars. For stars
approaching critical rotation, we apply an implicit method
that removes as much mass as is needed to keep stars rotat-
ing below a certain fraction (here 99%) of critical rotation
(Paxton et al. 2015). Nuclear burning is via Mesa’s ’ba-
sic.net’ reaction network that includes the most important
reactions for hydrogen und helium burning. Consequently,
we stop the evolution of our models upon core helium ex-
haustion (when the central helium mass fraction falls below
10−4).
2.2 Assumed large-scale magnetic field
The 3D MHD simulation has shown that a strong magnetic
field is created in the merger. As yet, we cannot predict
how this field evolves after the merger and how it would
interact with other magnetic fields produced in-situ by e.g.
the Spruit–Taylor dynamo (Spruit 2002; Heger et al. 2005),
the MRI (Wheeler et al. 2015), or other dynamo processes
(e.g. a radiative α–Ω dynamo, Potter et al. 2012; Quentin
& Tout 2018). Because of this, we here consider a static
magnetic field that will contribute to angular-momentum
transport in the stellar interior, but we assume that there
are no other dynamo-generated fields. For the magnetic field
geometry and strength in the 1D stellar evolution models,
we assume that a static, large-scale, dipole magnetic field
permeates the star such that the absolute magnetic field
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strength B as a function of radius r follows
B(r) = µBr−3, (1)
where µB = B∗R3∗ is the magnetic dipole moment, B∗ the sur-
face magnetic field and R∗ the radius of the star. For a dipole
magnetic field, the ratio of the field strength at the pole (Bp)
and the equator (Beq) is Bp/Beq = 2. The dipole field diverges
for r → 0 and we therefore limit its field strength to 109 G.
We assume that the magnetic field cannot penetrate
convective regions if the convective energy density is larger
than the magnetic energy density, i.e. 1/2ρv2conv > B2/8pi
(known as convective expulsion, see e.g. Zel’dovich 1957,
Parker 1963, Weiss 1966, and the review by Braithwaite &
Spruit 2017). Also, some of the aforementioned dynamo-
generated magnetic fields have the tendency to be sup-
pressed in convective regions (e.g. Quentin & Tout 2018).
Here, ρ is the gas density and vconv the velocity of convec-
tive eddies as predicted by mixing length theory. Essentially,
this means that the magnetic field can only contribute to the
angular-momentum transport in radiative regions and does
not provide an efficient coupling of, e.g., the convective core
and the radiative envelope.
A dynamo process potentially operating in the convec-
tive core may be influenced by a large-scale magnetic field
in the radiative outer regions of a star (Featherstone et al.
2009). Such interactions and the possibility that the large-
scale magnetic field may damp the convective motions in or
near the stellar core (e.g. limit convective core overshooting
or even decrease the size of the convective core; see Peter-
mann et al. 2015, and references therein) are not accounted
for in our model.
The evolution of the 1D merger product depends on
the assumed strength of the magnetic field because of the
interior angular-momentum transport via the magnetic field
and magnetic braking. In the following, we consider three
cases:
(i) A weak magnetic field with µB = 2 × 1034 G cm3 that
corresponds to a polar magnetic field strength of 1 G for a
4 R star, similar to Vega-like, sub-Gauss magnetic fields
that might be ubiquitous in stars with a radiative envelope
(e.g. Lignie`res et al. 2009; Petit et al. 2011).
(ii) A magnetic dipole moment of µB = 2×1037 G cm3 that
is reminiscent of that of τ Sco (polar field strength of ≈ 500 G
for a ≈ 5 R star; e.g. Donati et al. 2006). This is our default
model.
(iii) A strong magnetic field with µB = 1×1040 G cm3 that
can be compared to the magnetic field found immediately
after the merger of the two MS stars considered in this work
(Schneider et al. 2019; Ohlmann et al. 2020).
2.3 Angular-momentum transport in the stellar
interior through a large-scale magnetic field
We follow Schneider et al. (2019) and treat the angular-
momentum transport by the magnetic field through the stel-
lar interior as a diffusive process with an effective diffusion
coefficient (effective magnetic viscosity ν˜eff) of
ν˜eff =
3I
8pir4ρ
vA. (2)
In this equation, I is the moment of inertia of a shell in the
stellar interior, r its radial coordinate, ρ its density and vA =
B/√4piρ the local Alfve´n velocity. We assume that ‘shells’ in
Eq. (2) have a thickness of 20% of the local pressure scale
height HP; this is to ensure that ν˜eff does not depend on
numerical resolution. Whenever we refer to viscosity in this
paper, we do not mean the microscopic viscosity (which is
negligible in our situation), but we rather have an effective
viscosity in mind that can act on larger scales and is caused
by an enhanced turbulent transport.
For thin shells of mass ∆m, the moment of inertia is
I = 2/3∆mr2. The effective magnetic viscosity is then ap-
proximately ν˜eff = ∆rvA with ∆r = 0.2HP. This is similar to
the general form of a diffusion coefficient, D ∝ lv, for a diffu-
sion process over a length scale l with characteristic velocity
v. We modulate the effective turbulent viscosity with a fac-
tor fA that is thought to adjust the timescale over which
solid-body rotation is achieved in neighbouring shells. We
set fA = 0.5 in our calculations. Taken together with our
choice of fA, the effective magnetic viscosity is equivalent to
ν˜eff ≈ 0.1HPvA.
2.4 Magnetic braking
For a rotating star with a large-scale surface magnetic field,
the stellar wind may bend magnetic-field lines which leads
to Poynting stresses and hence a torque on the stellar sur-
face (e.g. Weber & Davis 1967; Mestel & Spruit 1987). The
torque from such magnetic braking is usually written in the
form
dJmb
dt
=
2
3
ÛMΩ∗R2A, (3)
where ÛM is the stellar wind mass-loss rate, Ω∗ is the stel-
lar surface angular velocity, RA is the Alfve´n radius and the
factor 2/3 accounts for the moment of inertia of a thin spher-
ical shell. This form of the torque resembles the idea that a
surface magnetic field forces the stellar wind into solid-body
rotation with the star out to the Alfve´n radius such that
the wind removes the specific angular momentum from the
Alfve´n surface and not from the stellar surface.
Within this formalism, MHD simulations of magnetic
braking in hot, massive stars (Ud-Doula et al. 2009) have
shown that
RA
R∗
≈ 0.29 + (η∗ + 0.25)1/4 . (4)
Here, R∗ is the stellar radius and η∗ is the so-called wind
magnetic confinement parameter defined by
η∗ =
B2eqR
2∗
ÛMv∞
(5)
with the terminal wind velocity v∞.
We take the observed terminal wind velocities of stars
from spectral types O to F from Lamers et al. (1995), which,
e.g., are also used in Vink et al. (2000) to derive the mass-
loss rates of hot stars across the bi-stability jump,
v∞
vesc
=

0.7 for logTeff ≤ 4.0,
1.3 for 4.0 < logTeff ≤ 4.32,
2.6 for 4.32 < logTeff .
(6)
Here, the escape velocity is defined as
vesc =
√
2GM(1 − Γes)
R∗
(7)
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with Γes the electron-scattering Eddington factor and M the
stellar mass.
The resulting spin-down timescale through magnetic
braking then is (Eq. 21 of Ud-Doula et al. 2009),
τspin−down =
3/2r2g[
0.29 + (η∗ + 0.25)1/4
]2 τ ÛM, (8)
where rg is the (relative) radius of gyration (r2g = I/MR2 is
also known as the moment of inertia factor) and τ ÛM = M/ ÛM
the mass-loss timescale.
2.5 Mass accretion from a disk
In this work, we encounter situations where mass is accreted
from a disk onto a central star. In these situations, we as-
sume that the disk can be described as a geometrically thin
and optically thick Keplerian disk. From angular-momentum
conservation in such a disk, the radial drift velocity is (e.g.
Pringle 1981),
vr = − 3
Σr1/2
∂
∂r
[
ν˜Σr1/2
]
, (9)
where Σ is the surface mass density, r the radius and ν˜ the
effective turbulent viscosity of the disk. We assume the α-
viscosity model of Shakura & Sunyaev (1973) for which ν˜ =
αcsh with typical values of α of order 10−2–10−1; here cs is
the sound speed and h the scale height of the disk. With this
parametrisation, the radial drift velocity from Eq. (9) is
vr = −32
ν˜
r
= −3
2
αcsh
r
= −3
2
α
(
h
r
)2
v, (10)
where we have used h = cs/Ω and v = rΩ. From mass con-
servation, we obtain the radial mass flux and thereby the
mass-accretion rate onto the central star,
ÛMacc = 2pirhρ|vr | = 3piαc2s
Σ
Ω
≈ 3α
(
h
r
)2
ΩMdisk . (11)
In this equation, ρ = Σ/h is the mass density and, in the last
step, we have used that the total disk mass is approximately
Mdisk = pir2Σ. For disks relevant in this work, this gives
ÛMacc = 2.5 M yr−1
(
α
10−2
) (
h/r
0.1
)2 (
Ω
h−1
) (
Mdisk
M
)
. (12)
In the presence of a strong stellar magnetic field, a
magnetosphere might form if the magnetic pressure over-
comes the ram pressure of free-falling matter, that is if
B2/8pi ≥ 1/2ρv2ff . The mass-accretion rate of matter freely
falling onto a central star of mass M with velocity vff =√
2GM/r = √2vK (vK being the Keplerian velocity) and den-
sity ρ is ÛM = 4pir2ρvff . Then the magnetospheric radius Rm
is given by
Rm = µ
4/7
B
ÛM−2/7 (2GM)−1/7 , (13)
where µB is the magnetic dipole moment of the assumed
dipolar stellar magnetic field (Eq. 1, Sect. 2.2). If this mag-
netospheric radius is larger than the stellar radius R∗, matter
is deflected by the magnetic field and the accretion disk is
effectively truncated at about r = Rm. This locks the stellar
surface to the angular frequency of the disk at r = Rm and
reduces the specific angular momentum of accreted mate-
rial compared to the case when the accretion disk extends
all the way down to the stellar surface. The specific angular
momentum accreted by the central star then is
jacc =
{ 2
3R
2∗Ω(r = Rm) for R∗ < Rm
2
3R
2∗Ω(r = R∗) for R∗ ≥ Rm.
(14)
In the disk-locked state, the co-rotation radius is equal to
the magnetospheric radius and the stellar surface spins with
an angular frequency of
Ω∗
Ωcrit
=
(
R∗
Rm
)3/2
= (2GM)3/14 µ−6/7B ÛM3/7R3/2 (15)
in terms of the stellar critical Keplerian angular frequency
Ωcrit =
√
GM/R3∗ .
2.6 From 3D to 1D
Because of the large amount of angular momentum in the
merger (2 × 1053 g cm2 s−1), a star-disk structure composed
of a central spherical object surrounded by a torus of about
3 M forms (Schneider et al. 2019; Ohlmann et al. 2020). The
torus is thermally supported such that its rotational velocity
profile is sub-Keplerian. The central, 14 M spherical merger
remnant is in solid-body rotation with an angular velocity
matching that of the inner part of the sub-Keplerian torus.
The boundary layer rotates at 76% of the critical Keplerian
value. At the end of the 3D MHD simulation, the central
star carries about 40% and the torus about 60% of the to-
tal angular momentum. Such configurations of a central star
surrounded by a thick torus are a common feature of merg-
ers of stars and are observed, e.g., in mergers of double white
dwarfs (e.g. Benz et al. 1990; Rasio & Shapiro 1995; Segre-
tain et al. 1997; Pakmor et al. 2010) and neutron stars (e.g.
Rasio & Shapiro 1992; Davies et al. 1994; Rosswog et al.
1999).
As explained in Schneider et al. (2019), the evolution
of the merger remnant right after the coalescence is set by
that of the torus and how fast it is accreted onto the central
remnant. For this, the accretion timescale τacc and the cool-
ing timescale τcool of the torus are of particular relevance.
If cooling is fast (τcool  τacc), the torus will evolve into
a thin disk. In contrast, if accretion is fast (τcool  τacc),
the torus is rapidly accreted without significant cooling and
is thereby transformed into a bloated, thermally-supported
stellar envelope.
In order to accrete matter from the torus, angular mo-
mentum has to be transported outwards. Within an α-disk
model (Sect. 2.5), the accretion timescale τacc is equivalent
to the turbulent-viscous timescale τvisc and is set by the
mass-accretion rate, ÛMacc (Eq. 11), and the total mass in
the torus, Mdisk, (see also Schneider et al. 2019)
τacc =
Mdisk
ÛMacc
=
1
3
r2
αh2Ω
≈ 0.02 yr
(
10−2
α
) (
r/h
2
)2 ( h−1
Ω
)
. (16)
The cooling timescale can be estimated by considering
how much turbulent (viscous) heating is produced by re-
leasing gravitational potential energy when matter moves
inwards and how fast this energy is lost by (radiative) cool-
ing. The merger remnant can at most radiate at its Ed-
dington luminosity such that the cooling timescale may be
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approximated as (see also Schneider et al. 2019)
τcool =
Egrav
fEddLEdd
=
fEdd
GMcoreMdisk/Rcore
4piG(Mcore + Mdisk)c/κ
≈ 0.8 × 103 yr
(
1 + X
1.7
) (
McoreMdisk/M
Mcore + Mdisk
) (
R
Rcore
)
. (17)
Here, Mcore and Rcore are the mass and radius of the central
star, respectively, κ is the opacity for which we assume it is
dominated by electron scattering (i.e. κ = 0.2 (1+ X) cm2 g−1
with X the hydrogen mass fraction), and fEdd is set to
1 in the last step. For the merger remnant studied here
(Mcore = 14 M, Mdisk = 3 M, Rcore = 3–4 R), the cooling
timescale is about 500–700 yr, which is significantly longer
than the accretion timescale of less than 1 yr from Eq. (16).
Most of the torus is therefore expected to be rapidly ac-
creted and transformed into an extended envelope before
cooling becomes important. A similar outcome was antici-
pated by Shen et al. (2012) for the merger remnant of two
white dwarfs, which has been further substantiated by more
detailed simulations of the viscous evolution of the white-
dwarf merger remnant by Schwab et al. (2012).
In Extended Data Fig. 1 of Schneider et al. (2019), it
is shown that the accretion and cooling timescales become
comparable at a radius of about 54 R, which corresponds to
a mass coordinate of 16.9 M. It is therefore assumed that
the inner 16.9 M of the merger remnant forms a spheri-
cally symmetric star and that the remaining outer part of
the torus cools and evolves into a (thin) disk. This then sets
the initial condition for our 1D stellar evolution models. As
described in Schneider et al. (2019), we use relaxation rou-
tines in Mesa (a detailed technical description of the applied
relaxation routines can be found in Appendix B of Paxton
et al. 2018) to obtain a 1D stellar model with the same en-
tropy and chemical structure as the 3D MHD merger rem-
nant. After relaxation, the 1D structures closely match the
3D outcome (Fig. 1).
As described above, the inner spherical merger remnant
is in solid-body rotation with an angular velocity that is set
by the slightly sub-Keplerian velocity in the transition region
between central merger remnant and outer torus (Schneider
et al. 2019; Ohlmann et al. 2020). During the viscous ac-
cretion of the torus, angular momentum is transported out-
wards and we assume that the inner star remains in solid-
body rotation after most of the torus has been accreted. Such
rotational profiles of rigidly rotating inner remnants that
transition into sub-Keplerian disks are supported by more
detailed simulations of the co-evolution of central white-
dwarf merger remnants and a surrounding torus (Schwab
et al. 2012; Ji et al. 2013). For the initial angular velocity
of our 1D stellar models, we therefore assume an analogous
rotational profile with a surface angular velocity set to 90%
of the critical Keplerian value.
3 POST-MERGER EVOLUTION
The evolution of our default merger model with a magnetic
dipole moment of µB = 2 × 1037 G cm3 in the Hertzsprung–
Russell (HR) diagram is shown in Fig. 2. The equivalent dia-
grams for the merger model with a weaker and stronger mag-
netic field are presented in Appendix A (Figs. A1 and A2,
respectively). The model starts as a ≈ 30 R fast rotator with
an effective temperature of Teff ≈ 16, 000 K and a luminosity
of log L/L ≈ 4.7. Because of the merger, the model is out
of thermal equilibrium and a rapid expansion phase sets in
that is driven by the energy deposited in the star during the
merging process. The star reaches a maximum luminosity
of about log L/L = 5.4 and minimum effective temperature
of about Teff = 9700 K in about 2 yr. The star never exceeds
and also does not get close to its Eddington luminosity at
the surface (L/Ledd < 0.7).
During the expansion phase to maximum luminosity,
the surface reaches critical rotation. When the star rotates
near break-up, we assume that it will shed as much mass
as needed to bring it back to below critical rotation. During
this phase, we do not consider magnetic braking and the
shed mass is assumed to be lost from the star (< 0.01 M
in this case which takes away about 7% of the star’s total
angular momentum, see below).
After the expansion phase, the merger contracts to-
wards the MS while regaining thermal equilibrium. The con-
traction phase lasts for a few 103 yr and the surface spins
down to about 50 km s−1. We describe the spin evolution and
the reasons for the spin-down in detail in Sect. 3.1.
Once the star has reached thermal equilibrium, it con-
tinues its MS life and evolves similarly to a genuine sin-
gle star of the same total mass (cf. the 16.9 M single star
in Fig. 2). The main difference in the internal structure is
that the merger model has a helium-enriched envelope. On
average, the helium mass fraction in the envelope of the
merger model is ≈0.30 while that of the comparison star
is ≈0.27. This translates into mean molecular weights µ of
≈0.63 and ≈0.61, respectively, which is responsible for the
slightly larger luminosity of the merger model on the MS
because of the mass-luminosity relation (L ∝ µ4M3; e.g. Kip-
penhahn & Weigert 1994). So in the case of the merger of
relatively unevolved stars as studied here, the merger prod-
uct adjusts its internal structure to its new mass and then
continues its evolution closely to that of a genuine single star
of the same mass.
In the beginning of its continued MS evolution (about
105 yr up to a few 106 yr after the merger), the merger prod-
uct has an effective temperature (Teff ≈ 32500 K), luminosity
(log L/L ≈ 4.5) and surface gravity (log g ≈ 4.17) that are
in good agreement with the observed values of the mag-
netic star τ Sco (Teff ≈ 32000 K, log L/L ≈ 4.3–4.5 and
log g ≈ 4.0–4.3; Mokiem et al. 2005; Simo´n-Dı´az et al. 2006;
Nieva & Przybilla 2014). Therefore our merger model sim-
ilarly stands out as a blue straggler in the Upper Scorpius
association just as τ Sco does.
Our merger model is a slow rotator, albeit rotating
faster than τ Sco, which has a projected rotational velocity
of . 15 km s−1 (e.g. Simo´n-Dı´az et al. 2006), and it is some-
what over-luminous. The luminosity match with τ Sco could
easily be improved by considering the merger of slightly less
massive stars. The surface of our merger model is not en-
riched in nuclear burning products, in contrast to what is
observed in τ Sco. However, the average nitrogen mass frac-
tion in the envelope of the merger product is 0.0025, which
corresponds to an enrichment of a factor of almost 3.5 com-
pared to the initial nitrogen mass fraction of 0.00074 used
in our computations. So slightly more mixing of the enve-
lope or some additional mass loss could significantly enrich
the surface of our merger model (see Sect. 4.2). Mixing in
MNRAS 000, 1–17 (2020)
6 Fabian R.N. Schneider et al.
0 2 4 6 8 10 12 14 16
M / M¯
1.5
2.0
2.5
3.0
3.5
4.0
Sp
ec
ifi
c 
en
tr
op
y 
/ 1
09
er
g
K
−1
g−
1
(a)
3D Merger
1D Merger
0 2 4 6 8 10 12 14 16
M / M¯
10-4
10-3
10-2
10-1
100
M
as
s 
fra
ct
io
n
(b)
3D Merger
H1
He4
C12
N14
O16
Figure 1. Comparison of the initial interior profile of the 1D Mesa model and the 3D MHD merger remnant. In panel (a), we show
specific entropy and in panel (b) we show the profiles of hydrogen (H1), helium (He4), carbon (C12), nitrogen (N14) and oxygen (O16)
mass fractions. Figure reprinted with permission from Schneider et al. (2019).
3.43.63.84.04.24.44.64.8
log Teff/K
4.2
4.4
4.6
4.8
5.0
5.2
5.4
lo
g
L
/L
¯
τ Sco
1
2
3
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
v r
ot
/
v c
ri
t
Figure 2. Evolution of the 1D merger model with an assumed
magnetic dipole moment of µB = 2×1037 G cm3 in the Hertzsprung–
Russell diagram. The surface rotation vrot/vcrit is colour coded and
the points of interest 1, 2 and 3 in the evolution are marked for
which some internal profiles are shown in Figs. 7, 8 and 9, respec-
tively. The arrow indicates the beginning and direction of evolu-
tion after accretion of most of the torus. The observed position
of the magnetic massive star τ Sco is indicated by the hatched
box. For comparison, we also show the evolutionary track of an
initially 16.9 M, genuine single star (orange line).
particular may have been underestimated in our modelling
because we did not consider any mixing during the accretion
of the torus and assumed that the strong magnetic field does
not contribute to chemical mixing. In conclusion, our merger
model appears compatible with the observational properties
of τ Sco and therefore provides a promising way to explain
this enigmatic, magnetic blue straggler.
The evolution of the less and more magnetic merger
models are very similar to that of the default model (Ap-
pendix A). The main difference is that it takes the less mag-
netic model more time to spin down to about the same sur-
face rotational velocity as the default model and that the
merger model with the stronger magnetic field spins even
more slowly after thermal relaxation. The latter is discussed
in more details in Sect. 3.1.
3.1 Spin evolution
The default merger model rapidly spins down from near
critical rotation right after the merger to about 50 km s−1
after thermal relaxation. This spin-down is not because of
angular-momentum loss from the star but rather because
of a low initial angular-momentum content of the star. To
illustrate this, we show the evolution of various quantities
of the merger product in Fig. 3 (equivalent plots for the
merger models with weaker and stronger magnetic field are
in Figs. A3 and A4, respectively). The top panel (Fig. 3a)
shows the radius and luminosity evolution and allows us to
connect different phases of the thermal relaxation with, e.g.,
the position of the star in the HR diagram (Fig. 2).
The merger product can only lose angular momentum
through mass loss and magnetic braking. The star reaches
critical rotation during the expansion of the envelope as
shown in Figs. 2 and 3d. During this phase, less than 0.01 M
(i.e. < 0.1% of the total mass) are shed from the star with
an average rate of order 10−4 M yr−1 (Fig. 3e). As is evident
from Fig. 3c, this mass loss removes angular-momentum of
about 0.4× 1050 g cm2 s−1, corresponding to about 7% of the
total initial angular momentum of the star. Such a rela-
tively small loss cannot explain the spin-down of the star
from nearly critical rotation.
Magnetic braking is not considered while the star ro-
tates critically and sheds mass because of numerical reasons.
In any case, it would be inefficient in this phase because of
the large radius and hence small surface magnetic field due
to the dipole scaling (Fig. 3e). Compared to the angular-
momentum loss through stellar winds alone, the contribution
of magnetic braking is negligible up to about 103 yr. Only
then does magnetic braking exceed the angular-momentum
loss from only stellar winds (Fig. 3f). Throughout the evolu-
tion of the merger model, the spin-down timescale (Eq. 8) is
long and is about 50–60 Myr once the star finished its ther-
mal relaxation and evolves along the MS (Fig. 3f). So the
MNRAS 000, 1–17 (2020)
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Figure 3. Evolution of (a) stellar radius logR/R and luminosity
log L/L, (b) core density log ρc and core temperature logTc, (c)
total angular momentum log Jtot and moment of inertia factor r2g ,
(d) surface rotational velocity vrot and fraction of critical surface
rotation vrot/vcrit, (e) mass-loss rate log ÛM and surface polar mag-
netic field strength Bp, and (f) ratio of angular-momentum loss
through magnetic braking and wind mass loss ÛJmb/ ÛJwind and spin-
down timescale τspin−down of the 1D merger model. The magnetic
dipole moment of this model is µB = 2 × 1037 G cm3.
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Figure 4. Internal mass readjustment of the 1D merger model.
The black dashed and dotted lines show the radial location of var-
ious mass coordinates (in steps of 5% as indicated by the labels)
and the red solid line the moment of inertia factor from Fig. 3c.
The black solid line indicates the stellar surface.
magnetic field in this model is negligible in terms of angular-
momentum loss but it is important regarding the angular-
momentum transport through the interior of the star and
enables solid-body rotation as we will show in Sect. 3.2 be-
low.
The observed spin-down of the star is thus not caused
by angular-momentum loss but rather by an internal restruc-
turing. The surface rotational velocity drops from about
250 km s−1 to 50 km s−1 from 102 to 104 yr after the merger
(Fig. 3d). At the same time, the radius decreases by about
a factor of 4 and r2g increases by about a factor of 20. The
surface velocity of a star in solid-body rotation and con-
stant mass and angular momentum evolves according to
v = RΩ = J/r2g MR ∝ (r2g R)−1. So the surface velocity is ex-
pected to decrease by a factor of 5, which fully explains the
observed spin-down of the merger product. During this evo-
lution, the surface angular velocity Ω and moment of inertia
stay almost constant, showing once more that the spin-down
is not because of angular-momentum loss.
The change of r2g from 102 to 104 yr after the merger
is caused by two processes, by the contraction of the enve-
lope and the expansion of the core. After the merger, the
star’s core density and core temperature are larger and hot-
ter than in thermal equilibrium. This drives enhanced nu-
clear burning and thereby leads to an expansion and cooling
of the core region towards the equilibrium state (Fig. 3b).
The expansion of the core and contraction of the envelope
are illustrated in Fig. 4 by the temporal evolution of the
radius of various mass shells. Only the outermost ≈ 5% in
mass take part in the overall expansion and later contrac-
tion of the star while the innermost ≈ 90% in mass expand
and evolve into a less centrally-concentrated density configu-
ration. The simultaneous changes of core and envelope leave
the moment of inertia nearly constant such that the change
in r2g = I/MR2 is mainly driven by the change in radius.
As shown above, the spin-down of the star is caused
by internal restructuring of the star. Because of the small
initial moment of inertia factor of the star after the merger
(r2g ≈ 3 × 10−3, Fig. 3c), the total angular momentum of a
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solid-body rotator near break-up is small,
J = r2g MR
2Ωcrit ∝ r2g M3/2R1/2. (18)
Even if the radius of the merger product was larger by a
factor of 2, its angular momentum would only increase by
about 40%. In our case, the total initial angular momen-
tum of the model is 5.4 × 1051 g cm2 s−1, while the merger
remnant up to 16.9 M before the viscous evolution con-
tained ≈ 2 × 1053 g cm2 s−1. In other words, our 1D model
only contains about 3% of the available angular momentum
despite rotating near break-up at the surface. By assuming
that the merger product rotates rigidly after the accretion of
the torus, we have implied an efficient angular-momentum
transport not only in the torus but also in the central merger
remnant (see Sect. 2.6).
The details of the viscous evolution of the star-torus
structure right after the coalescence are uncertain at the
moment, especially how much angular momentum is trans-
ported out of the star into the remaining torus/disk. We
therefore also consider the case that ten times more angular
momentum (5 × 1052 g cm2 s−1) remains in the merger prod-
uct than considered before. In this case, the star can initially
not be in solid-body rotation but it has to rotate differen-
tially. We impose a rotation profile with constant specific
angular momentum. In fact, the initial distribution of an-
gular momentum in the star is not essential, because the
magnetic fields quickly redistribute the angular momentum
and try to approach solid-body rotation.
Details of the evolution of this model are shown in
Fig. 5. Because it is challenging to model this star nu-
merically, the mass-loss rate to keep the star below criti-
cal rotation (Fig. 5e) and the luminosity oscillate (Fig. 5e)
more than in the model with less initial angular momen-
tum (Fig. 3). The star now reaches critical rotation later in
its evolution after the angular momentum has been trans-
ported from the interior to the surface (because of the dif-
ferent initial rotational velocity profile, most of the angu-
lar momentum is now deep in the star and no longer near
the surface). At critical rotation, the star now loses 0.5 M
and about 35% of its angular momentum, and the angular-
momentum loss timescale in this phase is set by that of
angular-momentum transport from the interior to the sur-
face. If this transport was more efficient, more mass and
more angular momentum would have been lost. This can be
seen by comparing our above default model to a model with
a stronger magnetic field (Figs. A2 and A4). The mass- and
hence angular-momentum-loss rates are larger because the
angular-momentum transport to the surface is faster (the
mass-loss rate is about one order of magnitude larger). The
model with the stronger magnetic field loses roughly half of
its initial angular momentum compared to only 7% in our
default model, an increase by a factor of 7. Increasing the
magnetic field further, could even allow the star to lose all
its angular momentum in this phase.
With the larger initial angular momentum, the merger
model rotates with ≈ 400 km s−1 at the surface after thermal
relaxation, that is with roughly 65% of break-up (Fig. 5d).
So this merger model would be a rapid rotator. Because
of the stronger mass loss, the model exposes a nitrogen en-
riched surface (mass fraction of about 0.0011, i.e. an increase
of about 50% compared to the initial nitrogen abundance)
that continuously becomes more enriched through rotational
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Figure 5. As Fig. 3 but for a merger model with a ten times
larger initial angular momentum, 5 × 1052 g cm2 s−1. The assumed
magnetic dipole moment is µB = 2 × 1037 G cm3 as before.
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Figure 6. Kippenhahn diagram of the internal evolution of the
1D merger model up to core-hydrogen exhaustion. The green,
purple and yellow hatchings indicate the occurrence of convec-
tion, convective-core overshooting and thermohaline mixing, re-
spectively. The blue color bar shows nuclear energy generation,
nuc.
mixing. For the chosen magnetic field strength, magnetic
braking is unimportant and the spin-down time exceeds the
MS lifetime of the star (Fig. 5f). In case of a stronger magnet
field, magnetic braking would become relevant.
3.2 Interior evolution and post-merger
rejuvenation
We now return to our default model and highlight a few
features of its internal evolution. As shown in Fig. 3b, the
core of the star after the merger is denser and hotter than
in full equilibrium. In the merger process, energy has been
deposited in the interior of the star that causes a thermal
imbalance and drives the evolution. Also, the carbon (C)
and nitrogen (N) abundances in the core are no longer in
CN equilibrium1 because of mixing in the merger (Fig. 1b).
Together, the larger density and higher temperature as well
as the non-CN equilibrium abundances, result in enhanced
nuclear burning and a transient, unusually large convective
core forms as can be seen in Fig. 6. The convective core
reaches a maximum mass extent of about 11 M at ≈300 yr
(log t/yr ≈ 2.5) while the mass of the convective core in equi-
librium is only about 8 M. This short phase with an en-
larged convective core mixes fresh hydrogen into the core of
the merger product and thereby further contributes to its re-
juvenation. It also leaves a chemical gradient in the envelope
(see below).
Rejuvenation is at the heart of the blue straggler phe-
nomenon and always occurs when a star accretes mass, for
example via mass transfer in Roche-lobe filling binaries or
1 Note that this is similar to what can happen during the pre-
main-sequence evolution, where CN equilibrium is achieved before
the onset of core-hyrodgen burning and a transient convective core
can be driven.
Table 1. Average core hydrogen, 〈XH 〉, and core helium, 〈XHe 〉,
mass fractions of the 9 M primary and 8 M secondary progen-
itors, the merger product directly after the coalescence and the
merger product at ≈ 104 yr after coalescence. The average is com-
puted over the inner 2 M. The relative increase in core hydro-
gen mass fraction is with respect to the primary, secondary and
merger product after coalescence.
Star 〈XH 〉 〈XHe 〉 Rel. 〈XH 〉 increase
Prim. Sec. Merger
Primary (9 M) 0.5908 0.3952 – – –
Secondary (8 M) 0.6169 0.3690 – – –
0 yr after merger 0.6438 0.3420 9% 4% –
104 yr after merger 0.6600 0.3257 12% 7% 2.5%
via mergers. It is caused by two effects: (i) the apparent
rejuvenation due to shorter lifetimes associated with more
massive stars after mass gain and (ii) the mixing of fresh
fuel into the cores of stars that prolongs their lifetimes (see
e.g. Schneider et al. 2016). In Table 1, we report the core hy-
drogen and helium mass fractions of the 9 M primary and
8 M secondary progenitors and the merger products right
after coalescence and ≈ 104 yr after the beginning of the ther-
mal relaxation. With respect to the primary star, the core
hydrogen mass fraction increases by 9% during the merger
process and by in total 12% after the additional mixing from
the large transient convective core during the thermal relax-
ation of the merger product. So a substantial fraction of the
rejuvenation takes place later during the relaxation phase
and not exclusively in the merger process itself. In our case,
the overall mixing of fresh fuel into the core is modest be-
cause the progenitor stars are rather unevolved (they are
roughly 30% through their MS evolution). For more evolved
progenitors, the mixing of fresh fuel into the core is expected
to be larger (e.g. Schneider et al. 2016), but the inhibition of
such mixing through strong chemical gradients is uncertain
and needs further detailed modelling.
The Kippenhahn diagram in Fig. 6 further reveals a
region of thermohaline mixing. This is where a considerable
fraction of the core of the primary star ended up when it
was tidally disrupted (Schneider et al. 2019). This material
from the former primary star has a larger mean molecular
weight than the deeper layers and thus causes the mixing.
The core material of the merger product is primarily made
of the core of the secondary star.
In Figs. 7, 8 and 9, we show internal profiles of the
merger product around the time of maximum luminosity,
maximum convective core size and the later phase of the
MS evolution (points 1, 2 and 3 in Fig. 2 corresponding
to 5 yr, 260 yr and 6.9 Myr after coalescence, respectively).
In particular, we focus on the luminosity, rotation, angular-
momentum transport and chemical profiles. The thermal im-
balance of the model is best seen in the luminosity profiles
– once in thermal equilibrium, the profiles are flat such that
the luminosity produced in the core equals that on the sur-
face. Early in the relaxation process (Figs. 7a and 8a), this
is not the case and the core luminosity reaches values of up
to log L/L = 6.4, exceeding the maximum surface luminos-
ity during relaxation by one order of magnitude. This large
core luminosity drives the expansion of the core region and
the large convective core size.
The angular rotational velocity profile Ω is always close
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Figure 7. Interior profiles of the 1D merger model with an as-
sumed magnetic dipole moment of µB = 2×1037 G cm3 after ≈ 5 yr of
the merger (point 1 in the HR diagram, Fig. 2). The profiles show
(a) the internal luminosity log L/L and entropy, (b) the angular
velocity Ω and specific angular momentum log jrot, (c) the effective
magnetic viscosity ν˜B and Eddington–Sweet DES and Goldreich–
Schubert–Fricke DGSF diffusion coefficients and (d) the hydrogen,
helium, carbon, nitrogen and oxygen mass fractions. In panel (c),
the grey shaded regions indicate the convective core and assumed
overshooting regions with their respective diffusion coefficients.
to solid-body rotation, but less so in the beginning in the
outermost layers that take part in the initial expansion (sur-
face rotates slower than interior; Fig. 7b) and later contrac-
tion (faster surface rotation than in the interior; Fig. 8b).
Once on the MS, the timescale on which the radius of
the star changes (nuclear timescale) is much slower than
the timescale of angular-momentum transport through the
large-scale magnetic field (Alfve´n timescale) and the inte-
rior rotational profile closely matches that of a solid-body
rotator (Fig. 9b).
In panels (c) of Figs. 7, 8 and 9, we show the diffu-
sion coefficients of several mixing processes. The convec-
tive core and overshooting regions are indicated by the
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Figure 8. As Fig. 7 but ≈ 260 yr after the merger (point 2 in the
HR diagram, Fig. 2).
gray shaded areas and we show the diffusion coefficient of
angular-momentum transport through the large-scale mag-
netic field (ν˜B, Eq. 2) in comparison to those of Eddington–
Sweet circulations (DES; Eddington 1925; Sweet 1950; Kip-
penhahn 1974; Endal & Sofia 1978; Heger et al. 2000) and
the Goldreich–Schubert–Fricke instability (DGSF; Goldreich
& Schubert 1967; Fricke 1968; Heger et al. 2000). The ef-
fective magnetic viscosity in the radiative envelope reaches
values of 1013–1014 cm2 s−1. From the diffusion coefficients
it is evident that magnetic mixing enforces solid-body rota-
tion basically in the whole radiative envelope while convec-
tion enforces solid-body rotation in the core. The magnetic
fields extend slightly into the convective-core overshooting
region and thereby provide some coupling of the core and
envelope. Moreover, because of the receding convective core
during the MS evolution, the magnetic field couples formerly
convective regions with the radiative envelope and thereby
ensures solid-body rotation basically throughout the whole
star. Right in the centre of our model, one can observe mag-
netic mixing because of the singular behaviour of the dipole
MNRAS 000, 1–17 (2020)
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Figure 9. As Fig. 7 but ≈ 6.9 Myr after the merger (point 3 in
the HR diagram, Fig. 2).
magnetic field. The mixing does not affect the evolution and
is an artefact of our modelling. At the surface, Eddington–
Sweet circulation dominates the mixing in our models. Shear
mixing is unimportant because of solid-body rotation and is
therefore not shown.
The surface abundances of the merger model are close
to the initial values of the progenitors (Figs. 7d, 8d and 9d).
This merger product would therefore not be able to explain
some of the nitrogen enriched, slow rotators in the Hunter di-
agram (Hunter et al. 2008; Brott et al. 2011b; Langer 2012).
However, core material of the former primary star is mixed
in the envelope at mass coordinates of 13–15 M, i.e. close to
the surface (Figs. 7d). These layers cause the thermohaline
mixing seen in Fig. 6 and further mass loss and/or additional
chemical mixing during the thermal relaxation could easily
expose them, as is for example the case in the merger model
with the larger initial angular-momentum content discussed
above. At the maximum extent of the convective core, the in-
nermost 11 M are fully mixed, thus supplying it with fresh
fuel (Fig. 8d). A left-over chemical gradient in the enve-
lope develops at the maximum extent of the convective core
(Fig. 9d) and is present until the first dredge-up (not shown
here). The chemical gradient is not very strong because the
initial progenitors were relatively unevolved. If they were
more evolved, they would have a larger helium content and
the gradient would most likely be larger. It may even influ-
ence shell burning episodes and dredge-up when ascending
the red supergiant branch.
Our merger model evolves into a red supergiant where
the first dredge-up will remove the chemical gradient left by
the transient convective core. In other merger cases without
a red-supergiant phase (e.g. in Case B mergers, Justham
et al. 2014), the chemical gradient will not be eroded and
may be relevant at the supernova stage.
3.3 Fate of circumstellar disk material
Not all material of the torus is accreted onto the central
merger remnant. In our default model, there is about 0.1 M
left that we envision to form a thin disk because it can
cool faster than it is expected to be accreted. In the fol-
lowing, we explore how much of that mass might be lost in
a wind (Sect. 3.3.1) and how the late accretion of that ma-
terial could influence the evolution of the merger product
(Sect. 3.3.2).
3.3.1 Disk wind
It is uncertain with which rate mass can be lost from a thin
disk around the merger product. We here make the assump-
tion that a fraction f of the stellar luminosity is used to lift
disk material out of the gravitational potential of the merger
to infinity, thereby evaporating the disk. Hence,
f L∗∆t =
GM∗∆M
2R∗
, (19)
such that the mass-loss rate of the disk is
ÛMdisk = f
2R∗L∗
GM∗
≈ 3.15 × 10−7 M yr−1 f
(
R∗
5 R
) (
L∗
L
) (
M
M∗
)
. (20)
The resulting, cumulative mass-loss from a thin disk for our
default model for various fractions of f is shown in Fig. 10.
It is evident that, if only a small fraction of the stellar
luminosity ( f < 1%) is used to drive disk mass-loss, all disk
material can be lost and might never be accreted onto the
merger product. Also the mass lost from the merger while it
evolves at break-up velocity could energetically be easily lost
as is shown by the comparison of the integrated disk wind
and the total stellar mass loss of the model (Fig. 10). This
implies that the merger product may not show a remnant
disk after the thermal relaxation phase.
3.3.2 Re-accretion onto merger remnant
If the remaining disk material is not lost from the star, it
could instead be accreted. The accretion will mainly increase
the angular momentum of the merger and thus its rotational
velocity. If a star of mass M with radius R = Racc accretes
from a Keplerian disk, the accreted specific angular momen-
tum is jacc = R2accΩK =
√
GMRacc. Once on the MS, the
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Figure 10. Integrated mass loss of the 1D merger model, ∆Mstar,
and of a disk wind that is driven by a fraction f of the total stellar
luminosity. For reference, a total mass of 0.1 M is highlighted.
Table 2. Accreted angular momentum Jacc and resulting ro-
tational velocity vrot,MS and velocity increase ∆v at 105 yr for
our default model (µB = 2 × 1037 G cm3) and the model with
larger magnetic field (µB = 1 × 1040 G cm3). A total mass of
∆M = 0.1 M is accreted when the merger models reach a lumi-
nosity of log L/L = 4.7 and 5.1. The stellar radii R of the models
at the time of accretion are also provided.
µB log L/L R Jacc vrot,MS ∆v
[G cm3] [R] [g cm2 s−1] [km s−1] [km s−1]
2 × 1037 4.7 5.7 2.55 × 1051 79 26
2 × 1037 5.1 10.5 3.35 × 1051 88 35
1 × 1040 4.7 5.9 0.19 × 1051 9 4
1 × 1040 5.1 10.3 1.20 × 1051 11 6
star rotates as a solid body and its angular momentum is
J = IΩ. After accreting a mass of ∆M, i.e. angular momen-
tum Jacc =
√
GMRacc∆M, the new angular velocity is
Ω =
J0 + Jacc
I
= Ω0 +
Jacc
I
= Ω0 + ∆Ω , (21)
where J0 is the angular momentum of the star before mass
accretion. The change of the angular velocity is
∆Ω =
√
GMRacc
I
∆M , (22)
meaning that it is linearly proportional to the amount
of accreted mass (the change of the rotational velocity is
∆v = R∆Ω) and that more angular momentum is accreted
for larger radii Racc.
We check and confirm the above analytic expectations
by accreting a total of ∆M = 0.1 M at two different phases
onto the merger models. We further take into account that
the surface magnetic field may form a magnetosphere (cf.
Eq. 13) such that mass is accreted with a lower specific an-
gular momentum (cf. Eqs. 13 and 14 in Sect. 2.5). The mass
is accreted onto our default model and the model with the
larger magnetic field at luminosities of log L/L = 4.7 and
5.1 with an accretion rate given by Eq. 12 for α = 0.01 and
h/r = 0.1.
A summary of the accreted angular momentum and
the resulting changes of the surface rotational velocities
at t = 105 yr is provided in Table 2. The time t = 105 yr
roughly corresponds to the time when the merger models
have reached the MS again. As expected, the accreted an-
gular momentum and final rotational velocities are larger if
the star accretes the mass when it is more expanded. Also,
the accreted angular momentum is smaller and the final ro-
tation is slower in the high magnetic-field cases because of
the formation of a magnetosphere. In total, the rotational
velocity of our default model will increase by ≈ 50% if 0.1 M
are accreted. In the more magnetic model, magnetic braking
is efficient and the accreted angular momentum is lost again
well before 106 yr. The merger model with the weaker mag-
netic field essentially behaves like our default model upon
mass accretion.
4 DISCUSSION
4.1 Spin of merger product
The final spin of the merger product depends on two as-
pects: first, how much angular momentum ends up in the
merger product (Sect. 4.1.1) and, second, how much angu-
lar momentum can be lost and gained during the thermal
relaxation phase and the subsequent evolution (Sect. 4.1.2).
The models presented in Sect. 3 cover various scenarios that
show that the merger product might be a slow rotator but
could also be a more rapid rotator after thermal relaxation.
4.1.1 Initial angular momentum of merger product
As discussed in Sects. 2.6 and 3.1, the initial angular mo-
mentum of the merger product is set by the (viscous) co-
evolution of the central star and torus right after the merger.
At the moment, it is unclear how much angular momentum
is transported out of the star and through the torus but
models of this evolutionary phase in the context of double
white-dwarf mergers suggest that a substantial fraction of
the angular momentum may be transported outwards effi-
ciently (e.g. Shen et al. 2012; Schwab et al. 2012; Ji et al.
2013).
The initial rotation profile of the merger product is mo-
tivated by the idea that the strong magnetic fields establish
solid-body rotation and that the surface of the merger prod-
uct rotates near the Keplerian value because of locking to
the torus (both is indeed realised in the 3D model after the
merger). So far, we did not consider viscous heating and the
corresponding entropy changes caused by the accretion of
material from the torus. This could further heat the enve-
lope of the merger and may lead to a larger radius. With
a larger radius, a merger product with solid body rotation
profile can accommodate more angular momentum because
the total angular momentum in such a case scales with
√
R
(Eq. 18). A factor of 2 larger radius would increase the ini-
tial angular momentum by ≈ 40%, i.e. it would only increase
from the current 3% to maybe 4%–5% in terms of the total
initially available angular momentum.
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4.1.2 Angular-momentum loss and gain
We have identified several mechanisms by which the merger
product can lose and gain angular momentum during the
thermal relaxation and thereafter. All our models reach
surface critical rotation such that they have to lose an-
gular momentum. As shown in Sect. 3, the amount of
mass and angular-momentum loss in this phase depends on
the timescale on which angular momentum is transported
through the interior of the star to the surface. In our mod-
els, this timescale is set by the angular-momentum transport
through the large-scale magnetic field and therefore depends
on its strength. With the large magnetic dipole moment of
µB = 1 × 1040 G cm3, the model is able to shed nearly all
its angular momentum already during the relaxation phase.
This is even true if the initial angular momentum is increased
to about 30% of the total available angular momentum of
the merger. These highly magnetic models further show that
magnetic braking spins down the star already before reach-
ing the MS (and of course also thereafter) such that the final
merger product always rotates very slowly (vrot < 1 km s−1).
Other studies of magnetic fields in stellar interiors (e.g.
Heger et al. 2005; Brott et al. 2011a; Potter et al. 2012;
Wheeler et al. 2015; Quentin & Tout 2018) model the evo-
lution of (usually) the poloidal and toroidal magnetic-field
components, whereas we apply a fixed magnetic field. In our
models, the magnetic fields lead to solid-body rotation and
transport angular momentum to the surface, where it can
then be lost by winds and magnetic braking. This is gen-
erally similar to the aforementioned studies: the effective
net result regarding the final spin of the merged star in our
model is expected to be similar to models with a more de-
tailed treatment of the magnetic-field evolution. While this
is true for the final spin of the star after the thermal relax-
ation, our model lacks predictive power for how the magnetic
field evolves during the star’s further life up to core collapse
(see Sect. 4.4).
In our default model (µB = 2 × 1037 G cm3), magnetic
braking is negligible. However, if the field was stronger right
after the merger and then dropped to the value observed to-
day in τ Sco, magnetic braking could be more important as
is demonstrated in Fig. A4 for our highly magnetic merger
model. Furthermore, magnetic braking becomes more effi-
cient if the merger product still rotates significantly after
thermal relaxation. In this case, the star evolves on a nuclear
timescale which can be comparable and even longer than
the spin-down timescale due to magnetic braking. Models
of initially rapidly rotating stars that incorporate magnetic
braking have shown efficient spin-down (e.g. Meynet et al.
2011; Potter et al. 2012; Keszthelyi et al. 2020) and such
an evolution may be anticipated for our merger models that
still rotate fast after thermal relaxation.
In principle, a merger product could exceed the Edding-
ton limit during the thermal relaxation phase because of en-
ergy deposition in the star from the coalescence. In our case,
its luminosity never reaches the Eddington limit but other
(more massive) mergers may do. At maximum luminosity,
the merger model is in the S Doradus instability strip of
quiescent luminous blue variables (e.g. Smith 2017). An in-
stability similar to that observed by Jiang et al. (2018) may
occur but our merger model only briefly reaches the high
luminosities of the S Doradus instability strip. In conclu-
sion, it is conceivable that merger products in general may
experience phases with super-Eddington winds or eruptions
during their thermal relaxation that could lead to significant
mass and angular-momentum loss. The star η Car might be
an example of such an evolution through a super-Eddington
phase caused by a merger (e.g. Smith et al. 2018; Owocki
et al. 2019; Hirai et al. 2020).
Finally, some mass and angular momentum could be re-
accreted from a left-over disk if the disk is not evaporated by
the radiation of the merger product. In our default model,
at most 0.1 M may be re-accreted. Still, this can account
for a non-negligible fraction of the angular momentum of the
merger product (see Sect. 3.3.2) because the mass could be
accreted with a large specific angular momentum when the
star is still bloated.
We conclude that there are several ways of removing and
adding angular momentum, rendering clear predictions for
the final spin of the merger product difficult at the moment.
It is however intriguing (while somewhat counter-intuitive)
that the merger product after thermal relaxation could well
be a slow rotator.
4.2 Surface enrichment with nuclear burning
products
Our models do not show a significant surface enrichment
with nuclear burning products such as helium and nitrogen.
However, enriched layers could be exposed in at least four
ways. First, if more mass remains in the torus and is not ac-
creted such that the surface of the central star is composed
of layers more enriched with nuclear burning products. Sec-
ond, by mixing of the torus while it is accreted onto the cen-
tral star. Third, by mass loss during the thermal relaxation
(when the star rotates critically or via winds and eruptions)
and, fourth, by additional mixing after torus accretion. This
could, e.g., be achieved if the large-scale magnetic fields not
only contribute to angular-momentum transport but also to
chemical mixing as argued by Spruit (2002) for their dy-
namo operating in radiative regions of stars, or if the usual
rotational mixing is efficient.
For example, if the material accreted from the torus was
fully mixed, the surface-nitrogen mass fraction of the merger
product would be 0.00183, i.e. enhanced by a factor of ≈ 2.5
compared to the base nitrogen abundance of the models.
Similarly, nitrogen at the surface would be enhanced by fac-
tors of ≈ 3.2 and ≈ 2.0 if only 1 M and 2 M of the torus
are accreted, respectively (instead of the assumed 2.9 M).
In light of these arguments, the non-enriched surfaces of our
merger models are not a strong prediction and it is con-
ceivable that the surface can be more enriched in nuclear
burning products than our default models currently predict.
In such a case, our merger model would offer a possi-
bility to explain the puzzling slowly-rotating and nitrogen-
enriched stars in the Hunter diagram (Hunter et al. 2008).
Other models trying to explain these objects invoke initially
fast rotators with magnetic fields where the rotation mixes
nitrogen to the surface and the magnetic fields subsequently
spin down stars via magnetic braking (e.g. Meynet et al.
2011; Potter et al. 2012; Keszthelyi et al. 2020).
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4.3 Circumstellar nebulae and mass-ejection
episodes
Before, during and after the actual merger there are several
episodes where mass can be ejected to form a nebula. Be-
fore the merger when the binary is in deep contact, mass is
lost through the outer Lagrangian points and can form an
equatorial outflow (e.g. Pejcha et al. 2017) that could form
a circumbinary disk (MacLeod et al. 2018). In the merger it-
self, some mass is dynamically lost (in our case < 0.1 M for
tightly bound progenitors) and interacts with the matter lost
during the previous spiral-in phase. In some merger cases,
such matter has been shown to be deflected to produce bipo-
lar nebulae (e.g. Morris & Podsiadlowski 2006, 2007, 2009;
MacLeod et al. 2018). Indeed, bipolar nebulae are observed
in past merger events (e.g. Kamin´ski et al. 2018). In this con-
text, Smith et al. (2018) interpreted the bipolar Homunculus
nebula of η Car to be caused by a merger.
Later during the thermal relaxation phase of the
merger, critical rotation is reached in our models and more
massive mergers might also exceed the Eddington limit or
experience envelope instabilities. This will result in further
mass loss and maybe even the onset of a super-Eddington
wind or eruptive phases (Owocki et al. 2017). Rotationally-
driven mass loss may operate predominantly in the equa-
torial plane but super-Eddington winds of rapidly-rotating
stars could be even stronger at the poles than at the equator
because of gravity darkening. Again, this could form bipolar
nebulae. These winds could blow into previous ejecta and
further shape the nebulae of mergers. Taken together, there
could be several distinct mass-loss/ejection phases that may
form nebulae.
In the context of mergers as progenitors of magnetic
massive stars, a bipolar nebula surrounding a magnetic mas-
sive star may therefore be considered a smoking gun for the
merger hypothesis. To our knowledge, no such nebula has
been reported around τ Sco but given that in our model the
merger and nebula formation occurred 1–2 Myr ago, it might
be hard to still detect tracers of this. HD 148937, a mag-
netic O6.5f?p star with a massive (2 M), nitrogen enriched
bipolar nebula (Leitherer & Chavarria-K. 1987; Naze´ et al.
2010), might be such a smoking gun as suggested by Langer
(2012). The star is a rather fast rotator (7 d rotation period)
with a strong surface magnetic field (Bp = 100–300 G; Naze´
et al. 2010). The age of the nebula has been estimated from
its expansion velocity to be of order 3, 000 yr (Leitherer &
Chavarria-K. 1987) which would imply that the star is most
likely in its thermal relaxation phase. Depending on in which
phase the star is, it could spin-down further through inter-
nal density readjustments and magnetic braking (cf. Sect. 3).
There is a second nebula surrounding HD 148937 (just as in
the case of η Car), which could be understood to be due to
the several mass-ejection episodes discussed above.
4.4 Survival of magnetic fields
The magnetic field produced in the merger is thought to
be long-lived (Schneider et al. 2019). Ohmic dissipation is
slower than the lifetime of massive stars because of the high
conductivity of stellar interiors. Braithwaite & Spruit (2004)
and Braithwaite & Nordlund (2006) show that magnetic field
structures with linked poloidal and toroidal components are
stable and exist for about the main-sequence phase of their
studied A-type star. They observe that these interlinked field
components slowly rise to the stellar surface and may at
some point disappear. Analytical approaches support these
ideas (Mestel & Moss 2010) and some stellar evolution com-
putations with dynamo-generated magnetic fields also show
a decrease of the surface field strength over time (e.g. Potter
et al. 2012; Quentin & Tout 2018). Thus at some point in the
evolution of a magnetic star, there might no longer be an ob-
servable, strong surface magnetic field, and such a star may
then be considered as “non-magnetic”. Such a process could
be responsible for the apparent dearth of evolved magnetic
stars (e.g. Landstreet et al. 2007, Fossati et al. 2016, but see
also Petit et al. 2019). Our models do not capture such a
possible evolution because we assume a fixed magnetic field.
In the further evolution of our merged star towards core
collapse, the star develops various convective regions driven
by nuclear burning in and near the core and high opacity
in the envelope. Tout et al. (2004) argue that convective
regions expel or even destroy magnetic fields, but as long as
there are radiative regions left in which the magnetic field
can survive, it may prevail until core collapse.
These ideas are supported by the detailed stellar-
evolution computations of Quentin & Tout (2018). In their
study, the authors follow the dynamo-generated, poloidal
and toroidal magnetic-field components in a 3 M star up
to the end of the asymptotic-giant-branch phase. While the
dynamo-generated fields are suppressed in convective re-
gions, they are sustained in radiative regions and particu-
larly in the degenerate core until the end of the computa-
tion. Because massive stars as those discussed here are never
fully convective, there is reason to believe that at least parts
of the magnetic field also exist at core collapse.
In the late burning stages after core helium exhaustion,
the evolution of stars speed up because of neutrino losses.
Various convective regions driven by carbon, neon, oxygen
and silicon burning show up on short timescales, and it re-
mains to be seen how these convective regions interact with
the magnetic field. For example, the magnetic field may be
able to diffuse quickly enough from one radiative region to
another before it can be captured, tangled and maybe even
destroyed by newly formed convective regions. Also, a strong
magnetic field may even survive inside convective regions,
e.g. in flux tubes, and leave the surrounding convective fluid
motions almost unaffected (see e.g. Braithwaite & Spruit
2017).
4.5 Final fate of merger product
Our merger model evolves closely to that of a genuine single
star and will undergo core collapse as a red supergiant with a
hydrogen-rich envelope. The ensuing supernova is therefore
of Type II. For a stellar population with a primordial binary
fraction of 50%, Zapartas et al. (2019) estimate that about
31% (12%–44%) of all Type II supernova stem from mergers
and mergers of MS stars as discussed here may make up 6%
(1%–17%) of all Type II supernovae.
If the magnetic fields amplified in such mergers prevail
up to core collapse (Sect. 4.4), they are expected to influ-
ence the supernova mechanism and the gas flow as is shown
by the high magnetic-field case studied by Obergaulinger
et al. (2014), who find energy equipartition of the compres-
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sionally amplified magnetic fields and the gas flow. This
leads to an earlier onset of the explosion because the strong
magnetic field tends to guide the neutrino heated convec-
tive bubbles. The magnetic fields may suppress the standing
accretion shock instability (SASI; Endeve et al. 2010) and
thereby could even influence the kick that a proto-neutron
star receives. However, whether the magnetic fields stabilise
or destabilise the SASI appears to depend on the exact field
geometry (e.g. Guilet & Foglizzo 2010; Obergaulinger et al.
2014).
As shown by Schneider et al. (2019), if the magnetic flux
of 4×1028 G cm2 within the innermost 1.5 M right after the
merger is preserved until core collapse, a neutron star with
10 km radius would have a magnetic field of about 1016 G at
the surface. So even if only 1% of the magnetic flux is con-
served up to core collapse, the field strength would still be of
order 1014 G, i.e. well within typical surface B-fields inferred
for magnetars (1013–1015 G, Olausen & Kaspi 2014). This
makes our merger scenario a promising channel for the for-
mation of magnetars. Furthermore, as shown by Schneider
et al. (2019), the incidence of mergers among massive stars
and the formation rate of magnetars in supernovae appear
to be similar.
Wickramasinghe et al. (2014) noted that the magnetic
flux per unit mass, ΦP/M, of magnetic OBA stars and
highly-magnetic white dwarfs are rather similar and fall
in the range 10−8.5–10−6.5 G cm2 g−1. Because of the sim-
ilarities of these magnetic fluxes, Wickramasinghe et al.
(2014) suggest a common mechanism that may have gener-
ated the magnetic fields in these stars. From their 3D MHD
merger simulation and under the assumption of magnetic-
flux conservation, Schneider et al. (2019) predict a surface
magnetic-field strength of ≈ 9 kG for the 16.9 M merger
product with a radius of 5 R on the MS, and ≈ 1016 G
for a 1.5 M neutron star of radius 10 km. Computing the
magnetic flux per unit mass as defined by Wickramasinghe
et al. (2014), i.e. ΦP/M ≡ R2BP/M with the stellar radius
R, the poloidal magnetic field BP and the mass M, we find
ΦP/M ≈ 3× 10−8 G cm2 g−1 and ΦP/M ≈ 4× 10−6 G cm2 g−1 for
the 16.9 M MS merger product and the 1.5 M neutron-
star remnant, respectively. These values tend to agree with
the above typical ΦP/M values of magnetic OBA stars and
highly-magnetic white dwarfs. Hence, if the similarity of the
magnetic fluxes indeed point to a common origin of the mag-
netic fields in MS OBA stars, white dwarfs and magnetars,
the MS merger model studied here and in Schneider et al.
(2019) would fit into this picture and could constitute one
such common origin.
Magnetar-powered explosions have been suggested to
be responsible for some long-duration gamma-ray bursts
and superluminous supernovae (e.g. Bucciantini et al. 2009;
Kasen & Bildsten 2010). However, the highly-magnetised
cores of such engine-driven models are unlikely to stem from
MS mergers, because magnetar formation from our mod-
els is too frequent: from the incidence of magnetic massive
stars we expect a magnetar formation rate of about 10%
of the core-collapse supernova rate (Schneider et al. 2019)
while long-duration gamma-ray bursts and superluminous
supernovae occur only with a rate of 0.01%–0.1% of that of
core-collapse supernovae (e.g. Moriya et al. 2018). Also, our
default model is a slow rotator at core collapse and therefore
does not provide the required rotational energy that seems
to be needed for such rare and energetic transients (see e.g.
Woosley 1993). However, if a merger remnant with a highly
magnetised core accretes angular momentum in a late evolu-
tionary stage (e.g. from an original tertiary star), the merger
remnant could be rapidly rotating and highly magnetised at
core collapse. Alternatively, if the cores of two stars in a
common-envelope merge, the merger may produce strong
magnetic fields and angular momentum may be retained as
suggested by Tout et al. (2011). Such scenarios are proba-
bly much rarer and thus could be viable for progenitors of
long-duration gamma-ray bursts and some superluminous
supernovae.
5 CONCLUSIONS
We study the long-term evolution of the product of a 3D
MHD merger simulation of two massive main-sequence stars
with the 1D stellar evolution code Mesa. Strong magnetic
fields have been produced in the merger and we consider
the influence of these magnetic fields on the evolution of the
merger product through interior angular-momentum trans-
port and additional angular-momentum loss from the surface
(magnetic braking).
Directly after the merger, the star is out of thermal
equilibrium which causes an initial expansion and then con-
traction phase that finally brings the star back to the main
sequence. During this thermal relaxation, which lasts for
104–105 yr, the merger product reaches break-up rotation at
the surface while expanding. The surface spin-up during the
expansion phase is caused by internal angular-momentum
transport because of the magnetic field and restructuring of
the density profile. Somewhat counter-intuitively, the star
spins down while contracting back to the main sequence.
The spin-down is mainly driven by changes in the moment
of inertia factor. In our models with rather modest magnetic
fields, magnetic braking is unimportant for the evolution but
becomes crucial for stronger fields.
While approaching thermal equilibrium, the star drives
an unusually large convective core which mixes further fresh
hydrogen fuel into the core and thereby contributes signifi-
cantly to its overall rejuvenation. Once in full equilibrium,
the merger model is a slow rotator and it evolves similar to
a genuine single star of the same mass. The envelope of the
merger product is enriched with helium and other hydrogen-
burning products which makes it over-luminous compared to
a single star of the same mass. Despite the helium-rich en-
velope, no nuclear-processed material is found at the surface
but this is very model dependent and it is conceivable that
nuclear-burning products such as nitrogen appear on the
surface. Once back on the main sequence, the merger model
is compatible with the magnetic and rejuvenated star τ Sco
and therefore offers a promising way to explain its magnetic
field and general appearance as a rejuvenated, massive blue
straggler in the Upper Scorpius association.
The spin evolution and surface chemical abundances of
the merger product are still prone to considerable uncertain-
ties. While magnetic braking and other angular momentum
loss and gain processes are important, the spin of the merger
product on the main sequence is probably mainly set during
the viscous accretion phase of the torus left behind by the
merging process.
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Altogether, we have shown that it is feasible that some
merger products are slow rotators, contrarily to usual ex-
pectations. If these magnetic stars can keep a magnetised
core during their evolution up to core collapse, they may
leave magnetar remnants after their final supernova explo-
sion. Analogously, we expect that lower-mass, magnetised
merger products could form highly-magnetic white dwarfs
at the end of their lives.
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Figure A1. As Fig. 2 but for a magnetic dipole moment of µB =
2 × 1034 G cm3.
APPENDIX A: EVOLUTION WITH
DIFFERENT MAGNETIC FIELD STRENGTHS
Our default model assumes a magnetic dipole moment of
µB = 2 × 1037 G cm3 (see Sect. 2.2). The evolution of the
merger product for a three order of magnitude lower dipole
moment (µB = 2 × 1034 G cm3) in the HR diagram and
key properties of the model are shown in Fig. A1 and A3,
respectively. As for the default model, the magnetic field
mainly influences the interior angular-momentum transport
and magnetic braking is insignificant. With the weaker mag-
netic field, the spin-down occurs later but the model after
thermal relaxation is also a slow rotator that appears to be
compatible with observations of τ Sco.
For a magnetic dipole moment stronger by about three
orders of magnitude than the default model (µB = 1 ×
1040 G cm3), there are qualitative differences (see Figs. A2
and A4): magnetic braking is relevant now such that the fi-
nal spin of the merger product after thermal relaxation is
even slower. The chosen large dipole moment is reminiscent
of the magnetic field strength observed at the end of the 3D
MHD simulations (Schneider et al. 2019) but the model on
the MS would have an unrealistically strong magnetic field
that even exceeds that of 34 kG of the current record holder,
Babcock’s star HD 215441 (Babcock 1960).
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A2. As Fig. 2 but for a assumed magnetic dipole moment
of µB = 1 × 1040 G cm3.
10 2 10 1 100 101 102 103 104 105 106
0.5
1.0
1.5
2.0
2.5
lo
gR
/R
(a)
4.4
4.6
4.8
5.0
5.2
5.4
5.6
lo
gL
/L
10 2 10 1 100 101 102 103 104 105 106
0.7
0.8
0.9
1.0
1.1
lo
g
c/
gc
m
3
(b)
7.55
7.60
7.65
lo
gT
c/
K
10 2 10 1 100 101 102 103 104 105 106
4.6
4.8
5.0
5.2
J to
t/
10
51
gc
m
2
s
1
(c) 10 4
10 3
10 2
10 1
M
om
en
t o
f i
ne
rti
a 
fa
ct
or
 (r
2 g)
10 2 10 1 100 101 102 103 104 105 106
0
100
200
v r
ot
/k
m
s
1
(d) 0.0
0.2
0.4
0.6
0.8
1.0
v r
ot
/v
cr
it
10 2 10 1 100 101 102 103 104 105 106
8
7
6
5
4
3
lo
gM
/M
yr
1
(e) 0.0
0.1
0.2
0.3
0.4
B p
/G
10 2 10 1 100 101 102 103 104 105 106
Age / yr
3
2
1
0
1
lo
gJ
m
b
/J w
in
d
(f)
0
2
4
6
8
lo
g
sp
in
do
wn
/y
r
Figure A3. As Fig. 3 but for an assumed magnetic dipole mo-
ment of µB = 2 × 1034 G cm3.
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Figure A4. As Fig. 3 but for an assumed magnetic dipole mo-
ment of µB = 1 × 1040 G cm3.
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